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Abstract
Infant marmosets were fitted with zero-powered (plano) soft contact lenses from 4 to 8 weeks of age worn either continuously
(24 h per day) (n4), for 12 h (n4), or for 8 h (n3) per day to determine whether limiting the daily duration of lens-wear
could significantly reduce or eliminate the effects of continuous lens-wear on ocular growth and refractive state. As in macaques
(Hung, L. F., & Smith, E. L. (1996). Extended-wear, soft, contact lenses produce hyperopia in young monkeys. Optometry and
Vision Science, 73, 579–584), eyes fitted with contact lenses worn continuously developed more hyperopic refractions (mean
3.2291.49 D SE) compared to their fellow untreated eyes, inconsistent changes in vitreous chamber depth (0.0290.09 mm
SE) and flatter corneas (mean decrease in corneal power 4.2290.39 D SE). Eyes wearing lenses for only 12 h per day showed
similar but reduced effects compared to the 24-h group. Most importantly, ocular growth, corneal power and refraction were
unaffected in the 8-h group. Future studies using contact lenses in infant primates should employ a reduced daily duration of
lens-wear to eliminate the undesirable effect of contact lens-wear per se on ocular development. © 2001 Elsevier Science Ltd. All
rights reserved.
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1. Introduction
Researchers investigating the effect of altered optical
demand on ocular growth and refractive development
in infant animals have employed either spectacle or
contact lenses to alter optical demand. In principle,
contact lenses are superior: they produce smaller
changes in magnification and minification in contrast to
spectacle lenses, they do not restrict the eye’s field of
view or produce prismatic effects, and they self-clean to
a considerable extent. Soft contact lenses have been
fitted successfully to chicks and infant macaques
(Crewther, Nathan, Kiely, Brennan, & Crewther, 1988;
Fernandes, Tigges, Tigges, Gammon, & Chandler,
1988; Irving, Callender, & Sivak, 1991).
Although some early studies of refractive develop-
ment in both chicks (Irving et al., 1991) and primates
(Crewther et al., 1988; Tigges, Tigges, Fernandes, Eg-
gers, & Gammon, 1990; Smith, Hung, & Harwerth,
1994; Hung & Smith, 1996) were carried out using soft
contact lenses, the majority of recent research has con-
centrated on using spectacle lenses (chicks: Schaeffel,
Glasser, & Howland, 1988; Wildsoet & Wallman, 1995;
Schmid & Wildsoet, 1996; primates: Hung, Crawford,
& Smith, 1995; Graham & Judge, 1999; Smith & Hung,
1999). Spectacle lenses have been used rather than soft
contact lenses in chick and primate models, despite the
relative disadvantages mentioned above, because soft
contact lenses worn 24 h per day have previously been
found to produce flattening of the cornea (increased
radius of curvature which decreases refractive power),
in chicks by as much as 13 D, and hyperopia. In infant
macaques Hung and Smith (1996) reported that hyper-
opia developed in response to extended wear of zero-
power (‘plano’) soft contact lenses (corneal curvature
was not measured in their study). Moreover the eyes of
the four infant macaques that were fitted with plano
contact lenses did not show the normal postnatal de-
crease in neonatal hyperopia characteristic of infant
macaques (Kiely, Crewther, Nathan, Brennan, Efron,
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& Madigan, 1987; Bradley, Fernandes, Lynn, Tigges, &
Boothe, 1999; Smith & Hung, 1999). Instead their
hyperopia increased by 3–4 D after the onset of lens-
wear. This hyperopic shift in refraction could not have
occurred as a compensatory response to the power of
the contact lenses because the contact lenses had no
refractive power and plano spectacle lenses do not
affect refractive development in macaques (Smith &
Hung, 1999). Therefore the hyperopia must have been
due to some non-optical aspect of contact lens-wear.
The hyperopic shift might have been due to corneal
flattening, as found by Irving et al. (1991) in chicks
wearing extended wear soft contact lenses. Unfortu-
nately, it was not clear in the contact lens-wear study
by Hung and Smith (1996) and also by Chung (1993)
whether changes in corneal curvature or vitreous cham-
ber depth were primarily responsible for the changes in
refractive error in the plano lens-wearing eyes because
corneal curvature was either not measured (Hung &
Smith, 1996) or not reported (Chung, 1993). (It should
be pointed out that the one unilateral plano lens-wear-
ing monkey in the study by Crewther et al. (1988), in
which corneal curvature was measured, remained ap-
proximately isometropic throughout the period of lens-
wear and no consistent corneal flattening was
observed.)
In all previous studies that have used contact lenses
to alter the functional refractive state of primate eyes,
the contact lenses were worn continuously (24 h per
day) throughout the lens-wear period (Crewther et al.,
1988; Chung, 1993; Smith et al., 1994; Hung & Smith,
1996). It is possible that the hyperopic shifts reported
by Chung (1993) and Hung and Smith (1996) in re-
sponse to plano contact lens-wear were a result of the
lenses being worn overnight. Overnight wear of soft
contact lenses has been shown to produce profound
physiological changes in the cornea, due to factors
including hypoxia, hypercapnia, corneal acidosis and
decreased tear flow (Holden, 1989; Brennan & Coles,
1997). These factors have been linked to the develop-
ment of oedema and thinning of both the corneal
epithelium and stroma, the formation of microcysts in
the epithelium, infiltrates in the corneal stroma and
corneal distortion (Brennan & Coles, 1997), any or all
of which may alter corneal development and:or ocular
growth. If this is the case then a reduced daily period of
lens-wear (B24 h per day), in which the lenses are
removed overnight might reduce and perhaps eliminate
any effects of plano contact lenses on ocular growth
and refractive development by significantly reducing the
altered ocular physiology that occurs during overnight
contact lens-wear.
We fitted infant marmosets with a plano soft contact
lens in one eye for several weeks early in life. Infant
marmosets wore lenses for one of three different daily
durations of lens-wear (24, 12 or 8 h per day) to
determine whether contact lens-wear affected ocular
growth and refractive development and whether any
such effects could be eliminated by reducing the daily
duration of lens-wear.
2. Methods
2.1. Contact lens-wear
The right eyes of 11 infant marmosets were fitted
with zero-powered (‘plano’) soft contact lenses from 4
to 8 weeks of age. Marmosets wore lenses for a period
of either 24 h (n4), 12 h (n4) or 8 h (n3) each
day. The light:dark cycle was 12:12 h for all groups and
the lenses were worn only during the light period in the
12- and 8-h groups. In the 12-h group, the contact
lenses were inserted at the onset of the light period each
day and removed just before the end of the light period,
12 h later. Lenses were inserted into the eyes of mar-
mosets in the 8-h group 1 h after the onset of the light
period and remained in for eight consecutive hours.
The contact lenses were then removed for the remaining
3 h of the light period (and the subsequent dark pe-
riod). The presence of the contact lenses was checked
approximately every 3 h during the light period. Due to
the small diameter of the contact lenses it was not
possible to tint the edge of the lens so that verification
of the presence of the contact lenses could be made
without removing the marmosets from their cages.
Therefore every 3 h during the light period marmosets
were removed from their cage and the lens(es) visu-
alised using a direct ophthalmoscope. Missing lenses
were replaced immediately.
2.2. Lens parameters and design
All contact lenses used in this study were hydrogel
lenses, manufactured by Ultravision International Ltd
(Leighton Buzzard, UK) from Filcon 4A (77), a non-
ionic n-vinyl-pyrrolidone based co-polymer. The lenses
were lathe-cut in a dry state and hydrated to a water
content of 77% by the manufacturer.
All contact lens surfaces were spherical, single curved
surfaces. The base curve (posterior surface radius of
curvature) of the lenses fitted to the marmosets was
either 3.60, 3.80 or 4.00 mm and the lens diameter 6.00
or 6.50 mm. After 6 weeks of age, almost all marmosets
wore lenses with a base curve of 3.80 mm and diameter
of 6.50 mm. Cycloplegic retinoscopy was performed in
all marmosets (awake) both with and without the soft
contact lenses in place to verify that the plano contact
lenses did not change the refractive state of the eye. In
all marmosets, refractive state did not change by more
than 90.50 D after the contact lens was inserted into
the eye.
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2.3. Contact lens fitting
Contact lenses were fitted to the eyes of infant mar-
mosets according to the criteria that they completely
covered the cornea and moved on the eye during blink-
ing and eye movements. The overall diameter of lenses
was typically increased from 6.00 to 6.50 mm during
the lens-wear period (usually at 6 weeks of age), to
allow for increasing eye size as part of normal ocular
growth.
2.4. Insertion and remo6al of contact lenses
It was important to be able to insert the contact
lenses into the eyes of marmosets in a few minutes, so
as to be able to carry out experiments in which lenses
were only worn for 8 or 12 h per day (which required
daily insertion and removal of the lenses) without the
need to anaesthetise the animals twice daily. Therefore
a method was developed to insert lenses into the eyes of
awake or anaesthetised animals.
At the beginning of the period of lens-wear infant
marmosets were anaesthetised with an intramuscular
injection of 0.9% alphaxalone:0.3% alphadolone acetate
(Saffan, Schering-Plough Animal Health, UK) and
baseline optometric measurements made. At the com-
pletion of the optometric measurements, the soft con-
tact lenses could either be inserted while the marmosets
were still anaesthetised or after they awoke and had
fully recovered from anaesthesia. For lens insertion into
the eyes of an anaesthetised marmoset, the marmoset
lay in a prone position on a piece of Vetbed (Petlife
International, UK) with its head facing directly for-
wards in a head stabiliser. An awake marmoset was
positioned in a marmoset stand. A small wire speculum
was positioned in the marmoset’s palpebral aperture,
behind the upper and lower eyelids, to hold the lids
apart, making it easier to insert the contact lens. An
awake marmoset tolerated the presence of the speculum
for 2–3 min while the lenses were inserted. Corneal
staining by sodium fluorescein was not observed in any
marmoset following insertion and removal of the specu-
lum, indicating that this procedure did not damage the
cornea in any way. The marmoset’s head was gently
held with one hand while the contact lens was inserted
with the other. As the diameter of the contact lens was
larger than the palpebral aperture the lens could not be
directly inserted into the eye. The lower edge of the lens
was first inserted into the inferior fornix, then the upper
edge of the lens was tucked under the upper lid using a
pair of plastic tweezers (Vista Optics Ltd, UK) —
taking great care not to touch the cornea. Once the lens
was inserted the speculum was removed and the upper
lid was drawn down over the contact lens. The eye was
gently massaged to remove any air bubbles that may
have been under the contact lens. Marmosets were
observed carefully following insertion of the contact
lens or during recovery from anaesthesia if the mar-
mosets were anaesthetised, to ensure that they did not
react to the presence of the contact lens in a way that
indicated that they were experiencing discomfort, such
as grabbing or rubbing their eye. In our experience a
properly fitted contact lens without mechanical defects
(e.g. small tears, nicks, splits) did not cause marmosets
any visible discomfort or distress. After lens-insertion
(and full recovery from anaesthesia if anaesthetised) the
marmosets were returned to their normal cage
environment.
2.5. Monitoring of ocular health
The health of all eyes undergoing contact lens-wear
was examined by an experienced optometrist (A.W.)
prior to lens-wear, and regularly throughout the lens-
wear period. Each marmoset was first positioned
(awake) in the marmoset stand. The marmoset’s head
was held gently while the anterior ocular structures
(cornea, conjunctiva) were examined using a direct
ophthalmoscope. The cornea and conjunctiva were in-
spected for adverse signs associated with contact lens-
wear such as oedema, abrasion, infection or
hyperaemia. Following inspection of the anterior eye,
one drop of sodium fluorescein (Chauvin Pharmaceuti-
cals Ltd, Romford, UK) was instilled into the contact
lens-wearing eye. The cornea was then examined for
staining using the direct ophthalmoscope on the blue
light setting. Corneal staining (hyperfluorescent spots
seen when fluorescein occupies epithelial defects in the
cornea) is a non-specific sign of adverse effects of
contact lens-wear and can occur in response to abra-
sion, hypoxia, infection and inflammation. If significant
corneal staining, oedema, conjunctival staining or hy-
peraemia were present at any time during lens-wear
then lens-wear ceased immediately. Lens-wear resumed
only once these signs had resolved.
2.6. Optometric measurements
Optometric measurements of refractive error, axial
eye dimensions and corneal power were made on all
marmosets under anaesthesia before, during and after
the lens-wear period. Refractive error was measured by
cycloplegic retinoscopy not less than 30 min after topi-
cal ocular administration of 1–2 drops of 1% cyclopen-
tolate hydrochloride (Chauvin Pharmaceuticals Ltd,
UK). Retinoscopy measurements were corrected for
working distance but NOT for artefact of retinoscopy.
In accordance with the protocol used by Graham and
Judge (1999) four retinoscopy measurements were made
in each eye — two in the horizontal meridian and two
in the vertical meridian (which were averaged to a mean
value) for measures of refractive error. Axial ocular
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dimensions were measured by ultrasonography using a
clinical A-scan ultrasound unit (Ophthasonic A-Scan
III, Mentor, USA) and a 7.7 MHz probe. Four individ-
ual axial ultrasound scans of the eye (four separate
placements of the probe on the eye) were recorded and
averaged for the measurement of axial ocular
dimensions.
Marmosets were first measured before the onset of
lens-wear at 4 weeks of age and after two (6 weeks of
age), three (7 weeks of age) and four (8 weeks of age)
weeks of lens-wear. Optometric measures were also
made 2 weeks after the end of lens-wear and subse-
quently at 7, 16 and 31 weeks after the end of the
lens-wear period.
A simple, indirect, method to determine corneal
power was developed which avoided interference from
disruption of the tear film. This method was based on
that used by Brungardt (1975). Cycloplegic retinoscopy
was performed in anaesthetised marmosets both with
and without a plano-powered rigid contact lens in the
eye. The power of the tear lens, formed by the differ-
ence in curvature between the anterior surface of the
cornea and the posterior surface of the contact lens was
used to calculate the refractive power of the cornea.
After performing cycloplegic retinoscopy, a plano
rigid contact lens (Precision Contact Lenses, Sawston,
UK), with a known spherical base curve (3.70 mm) and
diameter (5.50 mm), was inserted into the eyes of
anaesthetised marmosets. Streak retinoscopy was then
performed through the contact lens and the spherical
equivalent refraction calculated, and compared to the
refractive error measured without the contact lens in
place. The difference in refraction between these two
conditions can be directly attributed to the power of the
tear lens. The same contact lens was used for all
measurements and each eye to avoid any differences
between individual lenses which could make the mea-
sures less reliable. A lens with a base curve considerably
flatter than the average corneal curvature of adult
marmosets (3.45 mm — Troilo, Howland, & Judge,
1993) was used so that a negative tear lens would be
formed between the cornea and contact lens. Thus the
central thickness of the tear lens could be assumed to
make a minimal contribution to the power of the tear
lens, which simplified calculation of anterior corneal
curvature and corneal power. See Appendix A for the
derivation of equations used in the calculation of
corneal power.
3. Results
3.1. Beha6ioural response to contact lens-wear
From the first day of contact lens-wear, all mar-
mosets appeared unaware of the presence of the contact
lens, once fitted. At no stage were any marmosets
observed attempting to remove a lens from their eye,
which would have indicated that the lenses were caus-
ing distress or discomfort.
3.2. Complications of contact lens-wear
Mild corneal staining and:or hyperaemia were ob-
served in 10 of the 20 marmosets fitted with contact
lenses, at some point during the contact lens-wear
period. If the staining was confined to the superficial
epithelium and diffuse, and hyperemia was mild, no
action was taken except that the staining and or hyper-
emia were monitored daily until they had resolved. If
the staining was deeper and:or confluent and:or hyper-
aemia was more marked then lens-wear ceased until the
staining had resolved, at which point contact lens-wear
resumed. Most episodes of corneal staining resolved
within 24 h. If corneal staining and:or hyperaemia was
associated with a tight-fitting lens, corneal oedema was
suspected and a new lens of smaller diameter or flatter
base curve (larger radius of curvature) was fitted to the
eye (to increase lens movement on the eye) and lens-
wear continued. There were no incidences of corneal
infection or ulceration in any marmoset in any group
(24, 12 or 8 h lens-wear per day) throughout the period
of lens-wear.
One infant in the 24-h group developed an acute red
eye (ARE) or overnight acute inflammatory reaction
(Bruce & Brennan, 1990). In this marmoset lens-wear
ceased until full recovery had taken place 4 days later.
At the resumption of lens-wear a looser fitting lens (i.e.
one with a flatter base curve) was fitted to the mar-
moset’s eye to reduce the possibility of a further inci-
dent of overnight lens binding. No further incidents of
acute red eye occurred in this marmoset during the
remainder of lens-wear.
3.3. Optometric changes
On average over all three groups, only 0.73 lenses
were lost per eye fitted with a contact lens during the
28-day lens-wear period. Lens-wear compliance was
greater than 85% of the maximum wear time in all
animals. With the exception of the animal who discon-
tinued lens-wear for 4 days following an acute inflam-
matory reaction, all marmosets wore their lenses for
more than 97% of the lens-wear period.
Fig. 1 shows, for the four marmosets in the 24-h
plano lens-wear group, as a function of age the mean
(a) refractive error, (b) vitreous chamber depth and (c)
corneal power. At 28 days of age, the onset of lens-
wear, there was no significant difference between the
two eyes in refractive error, vitreous chamber depth or
corneal power (paired t-test: refractive error P0.99;
vitreous chamber depth P0.53; corneal power P
0.32).
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During the period of contact lens-wear the plano
lens-wearing eyes became more hyperopic than their
fellow eyes (repeated measures ANOVA on all orders
(measurement points): univariate test on Eye PB0.05,
Order by Eye PB0.05). Seven weeks after the cessation
of lens-wear there was no significant difference between
the two eyes in refractive error (paired t-test: P0.96),
nor was there any difference in refractive error at the
final measurement point at 273 days of age (paired
t-test: P0.60).
In contrast to the changes in refraction throughout
the lens-wear period, there was no mean effect of
contact lens-wear on vitreous chamber depth (repeated
measures ANOVA on all orders: univariate test on Eye
P\0.05, Order by Eye P\0.05).
Fig. 2. Individual data for each of the four marmosets fitted with
plano contact lenses for 24 h each day during the lens-wear period.
Interocular differences () in (a) refractive error, (b) vitreous cham-
ber depth and (c) corneal power are shown throughout the measure-
ment period. Data are plotted against age (days) on a logarithmic
scale. The filled bars beneath the x-axis represent the period of lens
wear. The four different symbols indicate data from the four mar-
mosets.
Fig. 1. Mean (a) refractive error (D), (b) vitreous chamber depth
(mm) and (c) corneal power (D) for the four marmosets fitted with
plano lenses for a daily duration of 24 h. Error bars represent91
SEM. Age (days) is plotted on a logarithmic scale and the period of
lens-wear is represented by the filled bars beneath the abscissae. Filled
symbols represent plano lens-wearing eyes and hollow symbols repre-
sent the fellow untreated eyes.
There was, however, a significant effect of lens-wear
on mean corneal power throughout the lens-wear pe-
riod (repeated measures ANOVA on all measurement
points during the lens-wear period (4, 6, 7 and 8 weeks
of age): univariate test on Eye PB0.01, Order by Eye
PB0.05). At the end of lens-wear, at 8 weeks of age,
the mean corneal power of the lens-wearing eyes had
significantly decreased relative to the fellow eyes by
4.2290.39 D (SE) (paired t-test: PB0.01). Following
the end of the lens-wear period the corneal power
increased until it was no different from the fellow
untreated eyes at 168 days of age (paired t-test: P
0.27) and 273 days of age (paired t-test: P0.67).
A.R. Whatham, S.J. Judge : Vision Research 41 (2001) 257–265262
In Fig. 2 individual interocular differences are shown
for each animal in the 24-h plano contact lens group for
(a) refractive error, (b) vitreous chamber depth and (c)
corneal power. The plano lens-wearing eyes of all mar-
mosets became hyperopic, relative to the fellow eyes,
during the period of lens-wear (Fig. 2a). Note that in
three of the four marmosets the level of hyperopia
decreased during the last week of lens-wear (between
the 3rd and 4th measurement points).
By directly determining the variance of measurement
(using the same apparatus) Graham and Judge (1999)
found that interocular differences in vitreous chamber
depth between the two eyes of an individual marmoset
greater than 0.1 mm are significant at the P0.05
level. In Fig. 2b, it can be seen that although there was
no mean effect of plano lens-wear on axial growth,
there were significant differences in vitreous chamber
depth between the two eyes of individual animals (\
0.1 mm) during the period of lens-wear. Three mar-
mosets developed shallower vitreous chambers in their
lens-wearing eyes, compared to their fellow eyes, while
in the fourth marmoset the vitreous chamber grew
more than the fellow eye during the lens-wear period.
At the end of the lens-wear period the interocular
differences in vitreous chamber depth ranged from
0.22 to 0.21 mm relative to the fellow eye. Intero-
cular differences in vitreous chamber depth decreased in
all marmosets following the end of lens-wear such that
at 273 days of age they ranged from 0.1 to 0.06
mm relative to the fellow eye.
All marmosets showed marked corneal flattening of
approximately 4 D relative to the non lens-wearing eye
during the period of contact lens-wear (Fig. 2c). In each
marmoset the cornea was flattened after 2 weeks of
lens-wear, with flattening at or close to a maximum
value at the end of the lens-wear period. Once the lens
had been removed the difference in corneal power
between the two eyes decreased until the final measure-
ment point (273 days) at which point any differences in
corneal power were small in magnitude (B0.75 D) and
not statistically significant (paired t-test on interocular
differences in corneal power for all four marmosets at
273 days of age, P0.67).
Individual interocular differences for all three opto-
metric measures are shown for both the 12- and 8-h
groups in Fig. 3(a–f). All marmosets in the 12-h group
developed hyperopia in their lens-wearing eyes during
the period of lens-wear. These differences in refraction
were less, on average (mean interocular difference in
refraction (2412 h) 2.61 D) than the differences
in refraction for the 24-h group (Fig. 3a vs. Fig. 3b),
although this was not statistically significant (indepen-
dent t-test on interocular differences, P0.14) and
decreased after the end of lens-wear. The interocular
differences in refractive error for the 8-h group were
less than B0.75 D and considered negligible (Graham
and Judge (1999) reported that the 95% confidence
intervals on measures of refractive error, using the same
measurement method used in the present study, were
90.75 D) both during and after the lens-wear period
(Fig. 3b), indicating that 8 h of lens-wear per day
eliminates changes in refraction (and corneal power and
vitreous chamber depth) due to contact lens-wear.
Marmosets in the 12-h group, like marmosets in the
24-h group, showed both increases and decreases in
vitreous chamber depth (range 0.15 to 0.15 mm)
during the lens-wear period (Fig. 3c), although these
were less in magnitude than the changes observed in the
24-h group (Fig. 2b) (range 0.21 to 0.22 mm).
There were no significant differences in vitreous cham-
ber depth (interocular difference\0.1 mm) in any of
Fig. 3. Individual data from all marmosets in the 12- (n4) and 8-h
groups (n3). Individual interocular differences () are shown for
refraction (a,b), vitreous chamber depth (c,d) and corneal power (e,f).
The scale of vitreous chamber depth difference is chosen to be
approximately equivalent (in dioptres) to the scales for differences in
refraction and corneal power. All data are plotted against age (days)
on a logarithmic scale and the filled bars beneath the x-axes denote
the period of lens-wear. The four different symbols in a, c and e
indicate data from the four marmosets in the 12-h group. The
symbols in b, d and f indicate the three different animals in the 8-h
group.
A.R. Whatham, S.J. Judge : Vision Research 41 (2001) 257–265 263
the three marmosets in the 8-h group both during and
after the period of lens-wear up to 105 days of age.
All marmosets in the 12-h group developed corneas
that were significantly flatter than the corneas in the
lens-wearing eyes by 1–2 D (range) after 4 weeks of
lens-wear (mean 1.4690.15 D (SE); paired t-test,
PB0.01). These changes were consistent in all mar-
mosets (range 1.07 to 1.76 D) but less than the
changes observed in the 24-h group (mean 4.229
0.39 D SE; range 3.15 to 4.91 D) (Fig. 2c).
Interocular differences in corneal power were small for
marmosets in the 8-h group throughout the experiment
(range 0.57 D to 0.57 D).
Overall, the pattern of interocular differences in re-
fractive error, vitreous chamber depth and corneal
power were similar in both the 24- and 12-h groups, but
of lesser magnitude in the 12-h group, and absent in the
group that wore lenses for only 8 h per day.
There was a strong correlation between the differ-
ences (between eyes) in refraction, corneal power and
vitreous chamber depth. The sum of the interocular
difference in refraction and the interocular difference in
corneal power (Y axis) was a linear function of the
interocular difference (X) in vitreous chamber depth,
with the given relation between variables Y
9.9X0.24 (dioptres). The root mean square devia-
tion from the regression line was 0.61 D.
4. Discussion
4.1. Marmosets tolerate contact lens-wear well
In the present study, contact lenses have been suc-
cessfully fitted to infant marmosets in both extended
wear (24 h per day) and daily wear (12 and 8 h per day)
regimes, which has been possible through the develop-
ment of a quick and reliable method of lens-insertion
that enables lenses to be fitted in a matter of minutes
after the onset of the light period. The daily lens-wear
regime has not previously been used in any monkey
species. Contact lenses have been fitted to monkeys on
an extended wear basis in all previous studies.
A high degree of lens-wear compliance (\97% of the
lens-wear period) can be consistently achieved in mar-
mosets. The average value of 98% compliance is com-
parable to that previously reported by Fernandes et al.
(1988) for macaques (92–100%). The rate of lens loss in
the present study was approximately one lens per eye
per 4 weeks of lens-wear across all experiments, which
is slightly better than the rate of lens loss for macaques
(one lens per eye per 3 weeks of lens-wear) reported by
Fernandes et al. (1988).
Also there were far fewer adverse changes in ocular
health resulting from contact lens-wear in these mar-
mosets than in the previous studies in macaques (Fer-
nandes et al., 1988; Carney, Kiely, Brennan, Crewther,
& Nathan, 1989). Both these studies described several
incidences of corneal opacification, ulceration, neovas-
cularisation, oedema, abrasion and conjunctival hyper-
aemia that led to either temporary or permanent
cessation of lens-wear. There was only one incident in
the 14 marmoset eyes fitted with extended wear lenses
in the present study that required temporary discontin-
uation of lens-wear for more than 1 day, which was an
overnight acute red eye (ARE) reaction (Bruce & Bren-
nan, 1990). After 4 days, the eye had fully recovered
from the inflammation and lens-wear resumed without
incident in this marmoset.
There were no complications in any eyes fitted with
lenses for either 12 or 8 h per day, which is not
surprising given the reduction in adverse changes to
ocular physiology when moving from an extended wear
to a daily wear regime (Holden, 1989).
4.2. Continuous wear of plano soft contact lenses
causes corneal flattening and hyperopia
As in macaques (Hung & Smith, 1996) extended wear
of plano contact lenses in marmosets causes significant
hyperopic shifts in refractive error. But this hyperopic
shift in refraction can be prevented if contact lenses are
not worn for more than 8 h per day. This finding
suggests that one may well be able to use contact lenses,
rather than spectacles, for future experiments on refrac-
tive development in primates. Also, our results rein-
force the suspicion that the hyperopia observed with
deprivation of form vision through wear of diffuser
contact lenses (Bradley, Fernandes, Tigges, & Boothe,
1996) could have been due, at least in part, to contact
lens-wear itself rather than occurring in response to the
deprivation.
Corneal flattening in response to extended wear of
soft contact lenses has been previously reported in
chicks (Irving et al., 1991) but not primates. If the
growth of primate eyes is visually regulated, it should
follow that the eye could alter its axial growth rate to
compensate for this corneal flattening, thereby main-
taining a functionally emmetropic state. This was not
observed in three of the four marmosets in the 24-h
plano lens-wear group, at least after 4 weeks of lens-
wear, although in two of the marmosets, the initial
slowing of vitreous chamber depth (VCD) growth seen
after 2–3 weeks of lens-wear began to decrease at the
end of the lens-wear period 1 week later. One marmoset
in the 24-h plano lens group recovered from an initial
hyperopic refractive error to become functionally
emmetropic at the end of the lens-wear period. It is
possible that in all marmosets axial elongation would
have been seen to the hyperopic defocus present at the
end of the lens-wear period if lens-wear had continued
for several more weeks.
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It is also possible that the hyperopia observed in the
marmosets in the 24-h group was due to a decrease in
refractive index of the cornea following corneal oedema
rather than due to corneal flattening. To investigate this
possibility central corneal thickness was measured
throughout the period of lens-wear in one marmoset
from the continuous lens-wear group. During the pe-
riod of lens-wear in this marmoset there were no intero-
cular differences in corneal thickness or increases in
corneal thickness that were greater than 2% of corneal
thickness.
4.3. Variable effects of longer duration lens-wear on
6itreous chamber depth
It seems likely that corneal flattening is the initial and
principal effect of continuous contact lens-wear. It is
not obvious why VCD growth should decrease as a
result of lens-wear as happened in three of the four
marmosets in the 24-h plano lens-wear group, and one
of the 12-h group. The corneal flattening observed in
both the 12- and 24-h groups would lead to a hyperopic
shift in refraction, which should act as a stimulus for
increased axial elongation and not decreased axial
growth as was observed in these animals. But if the
resulting hyperopia is sufficiently large, then vitreous
chamber depth may not only fail to change in a com-
pensatory direction by speeding growth, but respond in
an anti-compensatory direction by slowing growth,
(Graham & Judge, 1999; Smith & Hung, 1999). The
variability in the effects on VCD could thus be at-
tributed to the corneal flattening inducing refractive
changes of a size that sometimes but not always ex-
ceeded the compensatory range.
These effects of continuous contact lens-wear on
refractive error (hyperopic shift), vitreous chamber
depth and corneal curvature have implications not only
for the use of contact lenses for animal models of
refractive development but also for contact lens-wear in
human infants. Human infants who have congenital
cataracts removed in infancy are frequently fitted with
extended wear soft contact lenses (Amaya, Speedwell,
& Taylor, 1990; Lambert, 1999).
One aspect of the effect of contact lens-wear on
ocular development that was not explored in this study
is whether these effects are age-dependent. In the
present study continuous contact lens-wear was only
carried out in infant animals, who may be more suscep-
tible to these effects than adult animals. It is likely that
these effects are age-dependent because human adults
fitted with extended wear contact lenses do not develop
substantial changes in either refractive error or corneal
power (not more than 0.5 D decrease in corneal power
after 3 months of continuous lens-wear in an adult
population — Dumbleton, Chalmers, Richter, & Fonn,
1999).
A successful contact lens-wear animal model is im-
portant because it enables experiments to be carried out
on older juvenile and adult primates in whom spectacle
lens-wear has great practical difficulty. In the accompa-
nying paper (Whatham & Judge, 2001), we show that
both positive and negative soft contact lenses worn for
only 8 h per day on an 8:16 h light:dark cycle induce
compensatory changes (hyperopia and decreased axial
growth in response to positive lens-wear and myopia
and increased axial growth in response to negative
lens-wear) in ocular growth and refraction in young
marmosets.
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Appendix A
The tear lens power FTL can be calculated using the
lens-makers’ formula from the refractive index of tears
ntears, the back radius, rbc, of the contact lens, and the
radius of the cornea, rc:
FTL
ntears1
rbc

ntears1
rc
from which re-arrangement gives:
1
rc

1
rbc

FTL
(ntears1)
If nadj is the adjusted refractive index1 of tears, cornea
and aqueous humour (1.336), then corneal refractive
power, FC, is given by:
FC (nadj1)
 1
rbc

FTL
(ntears1)
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